A zonal plasma chemical model is proposed to account for the observed oxidation and decomposition of sulfur hexafluoride (SF6) by a negative, point-to-plane glow-type corona discharge in pressurized SFJOzfH20 gas mixtures. The model yields dependencies of stable neutral oxidation byproducts such as SOF2. S02F2' SOF.. S2FI0' and S02 on time, discharge current, and O2 and H20 concentrations which are consistent with measured results. Electron-impact-induced dissociation of SF6 in the glow region of the discharge is the decomposition rate-control1ing process. The relative roles played by different reactions involving neutral free radicals and ions in different zones of the discharge are examined, and in some cases, reaction rate coefficients have been adjusted within reasonable limits to give best fits to observed production rates of various by-products. Problems of uniqueness that arise because of gaps in our knowledge about important processes that should be included in the model are also discussed.
Introduction
Compressed sulfur hexafluoride (SF6) is widely used as an electrical-insulating medium in equipment that operate at high-voltage such as found in electric-power transmission systems, high-energy particle accelerators, pulse-power switches, and X-ray machines. Previous work [1] [2] [3] [4] [5] [6] has shown that when corona discharges occur in SF6' a host of corrosive and/or toxic by-products can be formed which are obviously of concern from the points-of-view of system reliability and safety. The stable gaseous by-products formed in SF6 corona include: S02F2, SOF2, SOF4, S02' S2FI0, S20F 10' S202F 10, SF4' and HF. The absolute yields of all except SF4 and HF have been measured for corona generated in point-to-plane electrode gaps under a variety of conditions [2, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] .
Determinations have been made of the dependencies of the by-product yields and production rates on various parameters including: absolute gas pressure, discharge current and polarity, duration of the discharge, and the concentrations of water vapor and molecular oxygen. The predominant sources of oxygen for formation of the oxyfluoride species SOF 2' S02F 2' and SOF 4 were identified from massspectrometric analyses of SF6 decomposed by corona discharges for cases where normal 1602 or H2160 were substituted respectively with 1802 and H2180 (see Ref. [8] ).
It was found, for example,that SOF2 derivesits oxygenpredominantly from H20, while S02F 2 derives its oxygen predominanly from O2. The species SOF 4 acquires its oxygen from either H20 or O2, where the predominant source depends on which of these two gases is the more abundant. Surprisingly, once H20 and O2 are present in the gas at trace levels, it is found that rates for oxyfluoride production are relatively insensitive to the concentrations of these gases [2, [6] [7] [8] [9] [10] .
For constant-current negative-glow corona in sufficiently large gas volumes, the production rates of the predominant by-products tend to be nearly constant with time. Any deviations from constancy usually occur during early stages of the discharge [2, 9] , and in the case of some species like S2F 10, these deviations appear to be correlated with "electrode conditioning" as discussed in Ref. [16] . Significant deviations from a constant production rate have been reported [14] for SOF2 and S02F 2 in cases where the gas volume is relatively small, the water vapor content is high (~2000 parts in 106 by volume, ppmy) and the degree of decomposition exceeds more than about 0.1 percent of the original SF6. Under such conditions, it is found that SOF 2 can actually be consumed during the discharge after a sufficiently long period of time. i.e, it has a "negative production rate". Deviations from constant production can be expected to occur as the concentrations of the by-products increase and secondary reactions begin to become more important. Heating of the gas by the discharge can also introduce changes in by-product production rates with time.
Previous interpretations [11] of measured SF6 decomposition rates in negative-glow corona generated in SF 6102, SF6fN2' and SF 6fNe mixtures containing less than 20% SF6 suggestthat recombinationof the SF6 dissociationfragments back into SF6 predominates and typically less than 3% of the SF6 moleculesinitiallydissociatedwithin the discharge by electron impact form measurable gaseous decomposition products. The production rates for oxyfluorides in positive corona are typically an order-of-magnitude higher than in negative corona at comparable average discharge currents [2] . Positive corona in SF6 tends to exhibit rapidly fluctuating or pulsating current with filamentary structure and is thus less easily controlled or quantified than negative corona. In the case of negative point-plane corona in SF 6' the discharge current is very constant with time and the glow region is restricted and clearly defined from optical observations. The positive corona in SF6 appearsto be a higher temperature discharge than negative corona and the dominant decomposition mechanisms are probably more like those that occur in a spark discharge [17] [18] [19] . At the present time, the negative-corona discharge appears to be more amenable to modeling.
The processes that should be considered in a model for discharge-induced chemistry of SF6 decomposition and oxidation in low-temperature glow and corona discharges have been .compiled and reviewed [20] . Since the time of this review, additional information has become available and revisions have been made in the rates for some key processes that need to be considered in formulating a model for SF 6 discharge chemistry. The model discussed in the present work includes new information about reaction rate coefficients and can be considered as an extension of our earlier model [20, 21] . The present model calculations include many more reactions than previously considered. Two slightly different versions of the model are used to demonstrate the problem of uniqueness.
2. Zonal model of negative corona 2.1. Definition of zones I The assumptions upon which the proposed zonal model for I negative glow-type point-plane corona discharge chemistry is based were introduced in earlier publications [8, 20, 21] . I In this model, three zones of differing chemical activity are Idefined as shown in Fig. 1 . Zone-l corresponds to the Ivolume of the discharge glow in which ionization and exciItation of molecules by electron collisions is important. It is lwithin this region that molecules dissociate and that fast Ireactions involving the dissociation products (free radicals) occur with highest probability. Zone-2 is defined as thẽ egion between the glow and the planar anode in which bharge transport by negative ions occurs. The chemistry in this zone is dominated by ion-molecule reactions. The third zone (zone-3) is assigned to the main gas volume surroundngthe point-plane gap and is the zone in which the chemtry is characterized by slow gas-phase or surface reactions. I In the present model, the relatively small cathode-fall egion between the glow and point cathode is not considered to be a separate zone from the point-of-view of dhemical activity. The relatively strong electric field in the cathode fall will accelerate ions from the glow toward thẽ thode and secondary electrons away from the cathode t?ward the glow. These accelerated ions and electrons are efpected to make only minor contributions to the initial gas dissociation by ion-molecule or electron-molecule collisions in the cathode fall. The discharge is sustained by the secondary electrons released at the cathode by processes such as electric-field emission or impact of positive ions, metastable excited species, and photons. The basic assumptions that apply to each of the zones defined above are discussed in the next section. The transport of species between zones is governed by diffusion, which in the case of negative ions, is influenced by the electric field in the gap.
Basic assumptions 2.2.1. Zone-] (glow region).
The glow region for negative point-plane corona corresponds to the small volume which is observed to be of nearly uniform luminosity near the tip of the point electrode. The glow region is assumed, in the present model, to be spherical with a radius R and volume .c. The actual size of the glow is determined from optical observations [12] . For the experimental conditions to which this model applies, .c is much smaller than the main gas volume .(> i.e., .J.t ::::: 10-9.
Within the glow, the electron temperature (TJ is much greater than the gas temperature (TJ, i.e., Te~'T.. The value of 'T. within .c is assumed to be the same as that of the gas in the main volume. This is justified by the small ratio .J.t. The electric field-to-gas density ratio (EIN) within the glow is assumed to satisfy the condition
EIN:::::(EIN)c, r < R,
where ( , however, large deviations of the field from the critical value in a highly electronegative gas like SF6 will lead to discharge instabilities. As noted by Morrow [24] in discussing a model for streamer propagation in SF 6, the electron density in the discharge will drop by more than an order-of-magnitude as EIN is decreased from 1.03(EIN)c to 0.97(EIN)c. It can be expected that when the discharge is initiated, the space charge associated with ions and electrons in a stable glow will build up to the point where the electric field acquires a value at or slightly above the minimum value, (EIN)c, needed to sustain ionization. Dissociation or ionization of SF 6 and other "contaminant" molecules such as O2 and H20 is confined to the glow region, since for EIN < (EIN)e, energetic electrons are quickly thermalized by collisions and subsequently removed by attachment processes [25, 26] . It is additionally assumed that all biomolecular reactions of neutral or ion species in the glow region are at their high-pressure limit and are sufficiently fast (greater than about 1O-15cm3/s) that they go to completion in or near this region. The reaction times are therefore short compared to the times required for diffusion of the active species out of the volume .c. These assumptions are reasonable for highly reactive free radicals and high absolute gas pressures equal to or greater than l00kPa. The previous measurements [2, 8, [13] [14] [15] [16] of SF6 decomposition in corona discharges to which the predictions of the present model can be compared were performed for pressures in the range of 100 to 500 kPa.
A consequence of the above assumptions is that the highly reactive intermediates that result directly or indirectly from dissociation of SF6 such as F and SFs are not only confined to 're, but are also in a steady-state condition within that volume, i.e.,
where t denotes time. It will be argued in Section 3.1.1 that in order to make the additional asumption that species such as F and SF s have a spatially uniform density distribution within the glow, the radius of this zone should be assigned an effective value that is somewhat smaller than the measured value R. This assumption is used in calculating the quantities in moles of the by-products that are formed. When considering neutral diffusion rates out of the glow, it is desirable to choose an effective value for the radius that is greater than R. As will be discussed in Section 3.3.2, the choice of a large value for R to calculate the diffusion loss rates tends to compensate for the "trapping" of neutral species near the glow by turbulent effects.
Zone-2 (ion-drift region).
In this zone, E/N decreases from the critical value at the glow boundary to a lower value at the anode which depends on the point-to-plane spacing. As noted above, once the electrons exit zone-l they rapidly attach to form stable or quasi-stable negative ions through processes such as three-body attachment, e.g.,
where M is an arbitrary molecular species in the gas, or dissociative attachment, e.g.,
where SF; is formed in an energetically stable state. The negative ions formed outside of the glow region are responsible for nearly all of the charge transport in zone-2. At electric-field strengths below the critical value, it is known that negative ions such as F -, SF;, and SF6" will not readily relinquish the extra electron by collisional detachment processes [27, 28] . Photodetachment processes are also known to be unimportant [29] . However, various ion-conversion processes such as charge exchange, and Fexchange are known [9, [30] [31] [32] [33] [34] to be fast at the low fields and gas temperatures associated with zone-2. In particular, reactions of SF6"with dischargeby-products like SOF4 and SiF4 have rates at or close to the collision limit, and have the potential for significantly influencing the overall discharge chemistry. The possible importance of these reactions is enhanced by the fact that they take place in a volume that is much larger than that of the glow region. The effects of ion-molecule reactions in the drift region are assessed here assuming that once a negative ion hits the anode surface it is destroyed, e.g., either deposited or consumed, so that it does not result in formation of a neutral species that is returned to the main gas volume. Implications of this assumption are considered later in Section 3.2.
Zone-3 (main gas volume).
The discharge occurs in a gas volume that is much larger than the volume of the glow region. This main gas volume is assumed to be at ambient temperature (~,.., 300K). The gas in this volume is static and consists of SF6 with initial low levels of water vapor stable gaseous by-product of the discharge. These assumptions conform to the conditions of experiments with which the results of the present model are to be compared [2] .
The fact that the decomposition is weak is of significance in that it allows one to neglect second-order reactions resulting from diffusion of the by-products Xi back into the small volume of the discharge. It is assumed that once a neutral by-product reaches a boundary at or near that of're, it essentially escapes into the main gas volume, never to return. There they either remain as stable components of the gas or undergo reactions with the minor gas constituents, H20 and°2, or with contaminants on the walls of the containment vessel. The possible effect on diffusion of species out of the glow region from perturbations of the gas flow near the point electrode are also considered but not specifically included in the model. These effects are manifested by vortex formation in gas flow resulting from local ion transport. [35] .
Gas-phase reactions that occur in the main gas volume are necessarily much slower than those that occur in or near the glow. Surface reactions are limited by the times required for species to diffuse from the glow region to the walls, and will be relatively unimportant when the experiment observation times is shorter than this diffusion time.
Reaction scheme

Glow region (zone-I)
It is within the glow region of the negative corona that most of the significant and complex chemistry occurs. In the following subsections, the chemistry of zone-l is discussed in terms of four different types of processes, namely: (1) dissociation by electron impact, (2) recombination reactions involving the fragment species produced by dissociation of SF6' (3) oxidation reactions of SF6 fragments with the molecules H20 and O2 or fragments from the breakup of these molecules, and (4) losses from the glow region due to diffusion into the other zones.
3.1.1. Electron impact dissociation. The electron-impact induced dissociation reaction
is the process that controls the rate of SF6 decomposition in the glow, and therefore it is important to make a reasonable estimate of this rate. It has been shown previously [2, 11] that the net SF6 dissociation rate from all reactions of the type indicated by process (5) determines the upper limit on the SF6 decomposition rate in the discharge. This means that the net decomposition rate, rt, must satisfy the condition rt < rd' where rd is the net SF6 dissociation rate in the discharge. The net decomposition rate is that corresponding to the sum of the production rates for all observed sulfur-. containing by-products, i.e.,
where Xij is a by-product containingj sulfur atoms,j~1.
The net equivalent unimolecular SF6 dissociation rate by electron impact can be estimated by the formula [2, 11, 21] .
where I is the discharge current associated with electron transport in the glow, 1is the effective mean path length for electron motion in the glow, e is the electron charge, and kd and Vdare, respectively, the SF 6 dissociation rate constant and electron drift velocity at EjN = (EjN)c. The quantity in parentheses has the units of a unimolecular rate constant and will be denoted here by kD, i.e., rd~kD[SF6]' The form of eq. (7) implies a uniform electron density within the volume Tc' In general, the electron density is not uniform. Allowing that EjN can slightly exceed the critical value (EjN)c within parts of the glow, it is expected that the density will vary and that at any position x < R, it will be approximately proportional to the factor exp {f'[a;(x') -71a<X')]dx} where ai and 71.are respectively the ionization and attachment coefficients of the gas [2] . It can be expected, therefore, that the mean electron path length, I, will be less than implied by the size of the glow. Assuming that 1= ')IR, where ')Iis an adjustable constant such that ')I < 1.0,weobtain
A value of ')I = 0.33 has been selected for the present calculations. This is equivalent to assuming that the electron density is uniform within a sphere that has about half the radius of the observed glow, i.e., Rerr~0.01 em. This adjustment is significant but also within the experimental uncertainties of the measured values for R at different discharge currents [21] . The value for kd and Vdat (EjN)c have been calculated from numerical solutions to the Boltzmann transport equation using a set of electron-impact collision cross sections derived by Phelps and Yan Brunt [36] ~O",.;(e) de, where me is the electron mass. In selecting the cross sections for inclusion in eq. (9),it was assumedthat SF6 behaveslike CF4 in that all electronic excitation leads to dissociation [37] . It was previously argued [20] that this assumption is supported by optical-emission data [38] . At electron-impact energies high enough for electronic excitation, the SF 6 emission spectrum is dominated by atomic fluorine lines and broad featureless peaks indicative of dissociative excitation. It is not yet certain that the weak emission band at 480 DID recently observed by Casanovas and coworkers [39] from corona discharges in "pure" SF6 is really due to SF 6 itself. It
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was noted [39] that this radiation might come from an SF.. (n < 6) fragment or an unknown contaminant.
The electron drift velocity at (EjN)c was computed from fc(e) using Vd= (-ej3X2jme)1/2(EjN)c 100O"m(e)-ld~~e) de, (10) (8) where O"m(e) is the electron momentum transfer cross section.
The calculated values for Vdare in agreement with experimental results such as reported by Aschwanden [40] and Nakamura [41] .
It was shown from previous calculations [20, 36] that the presence of H20 or O2 in SF6 at low levels (below 10% concentration by volume), has a negligible effect on the electron-energy distribution fc(e). Therefore, the dissociation rate determined for pure SF6 is assumed also to apply for all the gas mixtures considered here that contain small quantities of H20 and O2, If all dissociation processes are included in the calculation using eq. (9) It can be expected that processes leading to ion formation such as dissociative ionization and dissociative Sottachment will make less of a contribution to chemistry in the glow region than processes leading to neutral fragment formation. This is because ions are swept out of the glow more rapidly by the field and will thus have less time to react. If ion-formation processes are completely excluded, one obtains kd (min) = 5.7 x 1O-9em3js.
The net SF6 dissociation rate constants used for the two versions of the model (model-l and model-2) considered were selected to lie within the range kd (min) < kd < kd (max), namely kd = 6.55 X 10-9 em3js for model-l and kd = 6.70 X 1O-9em3js for model-2. The difference in these values is of no significance and is due to the choice of a higher rate for SF6 dissociation into the SF2 fragment in model-2 than in model-l when the rates for all other dissociation channels are kept the same. More will be said about the differences between the two models later. Again, the purpose of considering two models is to demonstrate that, to within the uncertainties of the information about various rates, it is possible to construct more than one version of the model that yields nearly the same results.
Although the value of kd given by eq. (9) using known cross sections is considered to be a reliable estimate, there is no information about the relative contributions to kd from the various possible dissociation channels leading to different SF.. fragments. Four different dissociation channels are included as indicated in Table I . Of these, it is assumed that the channel leading the SF 5 predominates and accounts for more than 90 percent of the dissociation in both versions of the model. Listed in Table I are equivalent unimolecular rate constants calculated using kd and Vd[determined from eq. (10) It should be noted that the summation of eq. (11) is not necessarily the same as that in eq. (8), since it is possible that a particular SFn fragmentis formed from excitation of more than one electronic state of SF 6.
No distinction is made between dissociation leading to fragments in their ground state and to fragments in excited states. The subsequent chemistry assumes a predominance of interactions involving species in their ground electronic state and with internal energies consistent with gas-kinetic conditions at 300 K. This is equivalent to the assumption that all dissociation fragments have been thermalized, i.e., have undergone deexcitations, before entering into a chemical reaction.
It must be emphasized that the rate coefficients in Table I are model specific and may not be applicable to conditions that deviate from a glow-type corona discharge considered here. The rate coefficients were adjusted to give results that agree with experimental observations. The rates for dissociation into SF4 and SF2 fragments were found, for example, to be significant in affecting the production rates for SOF 2 and S02F 2 respectively. The higher rate for SF2 formation in model-2 is more consistent with observations of Ryan and Plumb [44, 45] in a microwave plasma which suggests that SF 6 breaks down as far as SF2 in a single-step collision process.
The electron-impact dissociation rates assumed for other species are listed in Table II . These rates correspond to the same discharge conditions used to obtain the rates for SF6 dissociation given in Table I . As will be shown in Section 5.4, dissociation of the SF6 fragments such as SFs into smaller fragments is generally of minor significance. The multistep fragmentation of SF6 was omitted from earlier versions of the model [20, 21] . Neglect of multistep frag- mentation can usually be compensated for by small adjustments in the rates for other processes.
Provided the concentrations of H20 and O2 are low, electron-impact dissociation of these molecules does not play an important role in the overall oxidation chemistry of SF6 (see Section 5.4). Because of the insensitivity of the model predictions to the assumed rates given in Table II , no attempt was made to determine these rates more accurately. Although the rates in Table II are physically reasonable, they are model specific and should therefore not be used in cases where these processes are more important such as in SF 6/02 mixtures containing more than 10% O2.
3.1.2. Recombination of SF6 dissociation fragments. Following the dissociation of SF6 by electron impact in the glow region, the next most important class of reactions are those among the SF6 dissociation fragments that either lead to reformation of SF6 or other long-lived stable sulfurfluoride compounds such as SF4 and S2F 10. Table III lists the radical recombination reactions that have been considered together with their recently estimated rate coefficients and the rate coefficients actually used in models-l and -2.
Of particular importance in determining the net SF6 decomposition rate is the reaction 1:15
where again M is a third body required for stabilization. The important role played by this reaction is expected because of the assumption that SF sand F are the primary products of SF 6 dissociation. From a reanalysis of the data relevant to determination of the S-F bond energy in SF6' Tsang and Herron [46] have argued that the rate constant for reaction (12) at the high-pressure limit should have a temperature dependence given by
This yields a rate constant at 300 K (see Table III ) that is more than an order-of-magnitude smaller than that used in our earlier model [20] . In both versions of the present model. we have selected a rate for process (12) of 1.5 x 10-11 cm3/s which is close to that predicted by eq. (13). In the process of adjusting k1S downward, it was necessary to make compensating changes in other rates that will be discussed later. Most of the reactions listed in Table III involve the radicals SF3 and SFs that are known [47, 48] to be the least energeticallystable of the SFn fragmentsand thereforelikely to be the most reactive. The rates for reactions involving F 2 such as [49]
are too low to be of any consequence in the glow region. In both versions of the model, the species F 2 is assumed, after being formed by the reaction As seen from Table III , the recombination reaction F + SF4 + M -+ SF s + M was assumed to have a rate coefficient in both versions of the model that is more than an order-of-magnitude lower than that suggested by Herron [49] . It is presently believed that the rate for process (16) is probably smaller than originally suggested. Nevertheless, if its rate is increased in model-2 to the value recommended in Ref.
[49], then it has a small effect in reducing the SOF z yield to give a better agreement between the predictions of model-l and model-2 (see Section 5.1). Because the density of the SF radical in the glow region is typically much smaller than that of the other SF" radicals, the reactions involving SF such as SF" + SF, which are estimated [50-53] to be fast, generally have little or no consequence on the predicted yields of the major by-products and can therefore be neglected (see Section 5.4). The present model allows for the formation of stable SzF z from SF reactions. Although this species has been identified from mass spectrometric observations [54, 55] as a product of SF6 decomposition in discharges, there is no information about its formation rate in high-pressure corona with which the present predictions can be compared. Moreover, the mechanism for its formation may be more complex than suggested by the present model [55] . The predicted SzF 2 yield is, in any case, much smaller than that of the major by-products, and the inclusion or exclusion of the process that leads to its formation does not affect the yields of the major byproducts.
. Other than the differences in the dissociation rates for SF6 -+SFz + 4F given in Table I , the difference between model-l and model-2 are those rates for the recombination reactions marked with an asterisk in Table III . The recombination rate coefficients used for model-2 tend to agree more closely with the estimated [50-53] rate coefficients.
The rates for the SF s + SF s reactions are important in determining the S2F 10 yield from discharge-induced decomposition. It is desirable to obtain reasonable predictions of Physica Scripta T53 (16) the SzF 10 yield in light of the recent experimental results reported in Ref. [16] . The rate coefficients for the SF s-self reactions shown in Table III have been revised and differ significantly from those used in earlier versions of our model [20, 21] .
The rate for SF s + SF s -+ SzF 10 used previously was based in part on an interpretation [49] of measurements by Tait and Howard [56] in nonaqueous solvents over the temperature range of 153 to 233 K. In retrospect, the positive temperature coefficient that they reported for this reaction raises questions about its relevance to the related gas-phase process because radical-radical association reactions usually have a negative temperature coefficient. It is suspected that the rates reported by Tait and Howard are diffusion limited.
Although it is not easy to quantify the contribution of diffusion, it can be shown [51] that the positive activation energy reported by Tait and Howard is not incompatible with that estimated for a diffusion controlled reaction with a small temperature coefficient given by kdiff =8 X 10-10 exp (-1500/'Tg)cm3/s. (17) Shown in Fig. 2 is an extrapolation of the data of Tait and Howard [56] compared with the diffusion rate coefficient given by eq. (17). The results shown in Fig. 2 suggest that equating gas and solution phase rate constants is probably invalid in this case.
The rate for SzF 10 formation by SF s combination can be estimated with the geometric method of Benson [53] used by Ryan and Plumb [45] and Tsang and Herron [46] to treat the SF s + F recombination reaction. The method is based on a collision model in which the rate constant is defined as the product of the ratio of electronic degeneracies of the product (adduct) and reactants, gc' the collision rate, Z", and a steric factor 1Xs, ie.,
Each of the terms in eq. (18) is readily obtained from spectroscopic tables, bond energies and molecular geometry. 13 SF+ F-SF2 (2.0 x 10-11)" 1.0 X 10-12 2.0 X 10-11. 14 SF3 + F-SF4 (2.4 x 10-11)b 2.0 X 10-13 2.4 X 10-11. 15
SFs + F-SF6 (Ll x 10-11)<.4 1.5 X 10-11 1.5 X 10-11 16 SF+SF-S+SF2 (1.8 x 10-11). 2.5 X 10-11 2.5 X 10-11 17 -S2F 2 1.0 x 10-14 1.0 X 10-14 18 SF3 + SF3 -SF2 + SF4 (2.2 x 10-12).
2.0 X 10-13 2.2 X 10-12. 19
SFs + SFs -S2FI0
(1.8 X 10-12).
1 The values for these parameters are tabulated in detail elsewhere [51] . The rate coefficient for the SF5 + SFs reaction predicted by the model of Benson is shown in Fig. 2 as a function of temperature. The predicted rate coefficient has an expected negative temperature coefficient. further supporting the argument that the experimental results obtained in solution give an unreliable estimate of the gas-phase rate.
The Tait and Howard [56] measurements, irrespective of their applicability to gas-phase reactions, refer to the rate of decay of SF s radicals, and give no information about the reaction products. In the present model, it is important to known the ratio of the rates leading to S2F10 formation and to disproportionation into SF4 + SF6' This ratio, k19jk20 (see Table III ) was derived previously [49] from modeling of the pyrolysis of S2F 10in the presence of NO which serves as a radical scavenger. This led to a value fot S2F 10 unimolecular decomposition rate constant. and ultimately to a value for k19jk20 at 444K of 1.9. There are conflicting data that can be used to argue that this number is too small. In particular, the data of Leary and coworkers [57] on infrared multiphoton photolysis of SF scl leads to a much higher value for k19jk20, In pure SF sCI. photolysis gives: where nhv corresponds to n photons. In this case, the primary products of the photolysis are SF4, SF6, and 7 S2FI0' When H2 is added, the following processes occur:
F + H2 -+ HF + H,
SFs + H -+ SF4 + HF,
SF scl + H -+ SF s + HCl.
Reactions (25) and (26) are particularly significant because they remove the Cl and F radicals and thereby inhibit the recombination reactions (21) and (22). It is found experimentally [57] that the addition of H2 strongly reduces the SF6 yield and enhances the S2F10 yield. This observation suggests that the disproportionation [reaction (24)] is a minor process. Recently Willner [58] studied photolysis of SF scl in the presence of H2 using infrared spectroscopy and also found that the yield of SF6 was much less than that of S2F 10' There are additional sources of data on the SFs combinationjdisproportionation ratio that are discussed in more detail elsewhere [51] . It can be concluded from this analysis that the ratio k20/k19 at 300K should be no greater than 0.01. In both versions of the present model we assume that k20jk19 = 0.01. In fact. the disproportionation reaction can be completely omitted without significant effect on the yields of the major by-products. Sehested and coworkers [59] have recently estimated that the rate coefficient k19 for process (23) is about 2.3 x 1O-13cm3js from recent measurements of SF6 gasphase chemistry using a pulsed radiolysis ultraviolet absorption technique. This is about a factor of 0.16 smaller than the rate coefficient used in the present model, although closer to that used in our previous work [20] . This lower rate is not completely inconsistent with the present model since a decrease in the rate for process (23) can be at least partially offset by decreasing the assumed dissociation rates for S2F 10by electron impact (k9 and k10 in Table II) .
3.1.3. Oxidation reactions. The relatively fast oxidation reactions that are assumed to occur in the glow region are tabulated in Tables IV and V. In order to identify the major sources of oxygen in the formation of the various oxyfluoride by-products such as SOF 2, S02F 2, and SOF 4, a distinction is made between oxygen originating from O2 and that originating from H20. In the former case, it is assumed that the normal 1602 is replaced with isotopically pure 1802, and in the latter case, the water vapor is assumed to contain only 160. The model predictions can therefore be compared with results from experiments in which isotopic substitutions were made [8] . The rate coefficients are not allowed to have an isotope dependence, e.g., the rates for the S 1802F + SF5 and S 1602F + SFs reactions are the same.
The basis for the selection of rate coefficients given in Tables IV and V is the same as used in our earlier work [20] . When possible, we have selected data available in the literature. In other cases, recourse was made to estimates based on analogy. Unfortunately, for many of the radicals of interest here, there are few experimental data available. In cases where the reactions can be treated as the reverse of simple bond breaking reactions, the rate constants can be expected to fall in the range of 10-10 to 1O-12cm3js depending on steric factors. Because most of the reactions listed in Tables IV and V Reaction F + HZI60-+ 160H + HF 160H + 5F, -+ 5 160F. + HF 160H + 5F. -+ 5 160F3 + HF F + 5 160F3 -+ 5 160F. H + 160H -+ Hz 160 5 160F 3 + 160H -+ 5 160zF z + HF 160H + F -+ F 160H 160H + 160H -+ Hz 160 + 160 160 + 160H -+ 160Z + H 160 + 5F, -+ 5 160F. + F 5 160F3 + 160 -+ 5 160zFz + F 5Fz + 160 -+5 160F + F 5 160F + 160 -+ 5 160zF 5 160zF + F -+ 5 160zF z 5 160F + F -+ 5 160Fz 5F3 + 160 -+ 5 160Fz + F 5F + 160 -+ 5 160F 5F3 + 160H -+ 5 160Fz + HF 5Fz + 160H -+ 5 160F + HF 5F + 160H -+ 5 160F + H 5F + 160H -+ HF + 5160 5 160 + F -+ 5 160F 5160 + 160 -5 160Z 5F, + 160-+ 5160F, 5F, + 5 160F,-5z160F10 5 160F, + 5 160F, -+ 5z 160zF 10 5 160zF + 5F, -+ 5F6 + 5160Z 5 160zF + 5F3 -+ 5F. + 5160Z 5160F3 + F_5160F. 5 160F3 + 5F, -+ 5F6 + 5160Fz 5 160F3 + 5F3 -+ 5F. + 5160Fz 5160F, + 5F, -+ 5 160F. + 5F6 5 160F + 5F, -+ 5 160 + 5F6
k. (cm3fs)
900 X 10-12 1.1 X 10-12 3.6 X 10-15 500 X 10-11 5.0 X 10-13 5.0 X 10-13 500 X 10-13 20 X 10-12 303 X 10-11 20 X 10-11 5.0 X 10-13 8.0 X 10-1. 1.0 X 10-13 1.0 X 10-1. 20 X 10-12 1.0 X 10-12 1.0 X 10-11 801 X 10-1. 6.0 X 10-1. 500 X 10-13 1.0 X 10-11 1.0 X 10-12 1.0 X 10-11 1.0 X 10-11 1.0 X 10-13 1.0 X 10-13 1.0 X 10-12 1.0 X 10-11 1.0 X 10-10 1.0 X 10-12 1.0 X 10-12 5.0 X 10-13 1.0 X 10-13
In some cases we have used rate coefficients that differ slightly from recommended values. For example, the rate coefficient recommended [60] for the important F + H20 reaction (reaction 27 in Table IV ) is 1.4 X lO-l1em3/s. The best fits to observed oxyfiuoride production rates were obtained using a lower value of 0.9 x lO-11 em3/Swhich lies S 180F, + S 160F, _ 5z 180 160F 10 500 X 10-13 1.0 X 10-13 1.0 x 10-11 1.0 X 10-11 500 X 10-12 1.0 X 10-12 1.0 X 10-13 1.0 X 10-13 1.0 X 10-11 1.0 X 10-11 1.0 X 10-12 20 X 10-11 1.0 X 10-1. 1.0 X 10-1. 1.0 X 10-13 800 X 10-1. 500 X 10-13 20 X 10-11 303 X 10-11 1.0 X 10-13 1.0 X 10-13 1.0 X 10-13
Physica Scripta T53
within the estimated uncertainty [60] for k27. This is also lower than the rate used in our earlier model [20] . The rate coefficients for reactions of 0 atoms with SF 2' SF s, and SOF are assigned values close to those measured by Plumb and Ryan [61] .
As in our earlier calculation [20], we use a rate for the reaction F + SOF3 -SOF4 (29) that is close to the collision limit suggested by Ryan [62] (kss = 1.0 x lO-lOem3/s in Table IV ). However, if the rate for this reaction is reduced by two orders-of-magnitude to 1.0 x lO-12em3/s, the yields for the major by-products SOF2 and SOF4 change by less than 0.35% and 0.33% respectively. The insensitivity of the model predictions to this reaction can be explained by the relatively low steadystate SOF 3 concentration in the glow. Other radicals that tend to have low steady-state concentrations are S 180F, S 180F s, S 160 180F, S 1802F, S 1602F, 180, 160, SF3 and SF. Therefore, as will be seen from the sensitivity analysis discussed in Section 5.4, reactions involving these species are usually of less importance than other reactions. Among the radicals that appear with highest density in the glow are: SF s , SF4' SF2' F, H, 160H, S 160F s , and S 160F. The fast reactions involving these species are usually among the most significant in determining by-product yields.
Although the reaction scheme shown in Tables IV and V applies to SF6 that contains low levels of O2 and H20, it should not be applied to gas mixtures that contain higher concentrations of O2. Consistent with experimental observations, the present model predicts yields for oxygenated products like S02, S202F 10' and S20F 10 that are an order-of-magnitude or more below those of the major byproducts. When oxygen is present at higher levels (> lO%), reactions involving O2, 0, and 03 become more important and yields of the minor products can significantly increase [11, 12] . At higher O2 levels, it may be necessary to consider processes presently omitted from the reaction scheme such as those involving formation of 03 and reactions affecting S202F 10production such as (31) which are relatively fast [59, 63, 64] and can significantly affect the S2F10 yield [16] .
In constructing the reaction scheme shown in Tables IV and Y, it was necessary to make assumptions about the predominant reaction paths that are often difficult to justify and should therefore be subjected to future investigations. For example, the reaction of SF 3 with OH is assumed to predominantly yield the stable products SOF2 + HF rather than the intermediate SF 30H which is of questionable stability, but may have a long lifetime in the glow. The reaction of SFs with 0 is assumed to yield both SOFs and SOF4 + F with nearly equal probability. Here the SOF s is formed initially with sufficient internal energy to either decompose back to the reactants or decompose into SOF 4 + F.
However, it is assumed here that under the high-pressure conditions considered, the initially formed SOF s radicals are stabilized about 30% of the time by collisions. The choice of predominant pathways for reactions must neces-sarily take into account the fact that the reaction rates are at their high-pressure limit. In our earlier model [20] , the possibility of forming SOFs was ignored.
In addition to the reactions given in Tables III, IV, 
These reactions are relatively slow and tend to be of minor importance. The rate coefficients for reactions among the radicals F, H, 0, and OH are based on values given in the literature [60, 65, 66] .
3.1.4. Diffusion lossesfrom the glow. Species formed in the glow region that do not experience subsequent reactions after formation are assumed to drift into the main gas volume and eventually become uniformly distributed within that volume. Among the products in this category are the compounds SOF4, HF, H2' F2' FOH, S02' S202FI0' S20F 10' and S2F 2' Of these, only SOF 4 is a major byproduct for which production rates have been experimentally determined. The only other major by-product in this category is HF, for which (although experimentally identified as a discharge by-product) [I, 67] no data exist about its production rate. The species S02' S202F 10, and S20F 10 have been detected from corona discharges, but make minor contributions to the total decomposition of SF6 under the conditions considered here. The compounds SOF4' S02' and HF can undergo gas-phase or wall reactions in either the main gas volume or the ion-drift region.
The highly reactive intermediate species such as SF s, F, SF3, SF, SOF3, S02F, SOF, and SOFs are confined to the glow region. However, the moderately reactive species that include SF2, SF4, and S2FI0 are allowed to escape the glow region. Although these species undergo subsequent reactions in the glow after being formed, it is required that they attain a steady-state condition within the glow so that [SF 2], [SF~, and [S2F 10 ] are constant in time for r < R.
In this reaction scheme for the glow, the loss of species SF 2' SF4' and S2F 10 from the glow region by diffusion is represented by effective unimolecular rate constants. These rate constants are pressure dependent. The values that apply at an absolute gas pressure of 200 kPa are listed in Table VI . The method used to estimate these rate coefficients is discussed in Section 3.3.2. The diffusion rates of the species listed in Table VI from zone-l into zone-3 are significant in determining the production rates for SOF2, S02F2' and 'S2F 10'
Ion drift region (zone-2)
The processes that occur in the ion-drift region are limited to negative ion-molecule reactions. These reactions are Table VI . Unimolecular rate coefficients for diffusion loss from the glow region at a pressure of 200 kPa found to be of minor importance in affecting the overall corona chemistry in SF6' Fast reactions that are potentially significant in zone-2 are listed in Table VII . Given in this table are the rate coefficients measured at two different gas temperatures [29] . These rate constants are consistent with data obtained by different methods [30] [31] [32] and with expectations based on F-affinities of the various molecules [33, 34] . All of the reactions given in Table VII involve Ftransfer from SF;, which is expected to be the predominant initial charge carrier that enters zone-2 from zone-I. The ion SF; does not appear to react with the oxyfluorides SOF 2 and S02F 2 [30] .
There are other fast ion-molecule reactions that are likely to occur in the ion-drift region such as [29, 68] S02F-+ SOF4 -SOFs + S02' 
However, these reactions have not been considered in the model because they involve minor ion or neutral species. It has been suggested [11] that reaction (37) might be responsible for the formation of circular sulfur deposits observed on the anode in some experiments [2] . Sulfur dimer formation has also been observed [69] in lowpressure glow discharges in SF6' These observations suggest the formation of S atoms either directly from dissociation of SF6 molecules or by subsequent reactions as considered in the present model.
Of the reactions shown in Table VII , only the first two are likely to be important in affecting the concentrations of SOF 4 and SF4 in the main gas volume. A detailed analysis of the influence of the SF; + SOF 4 reaction on SF 6 chemistry in glow-type corona has already been made [9] . It was shown in Ref.
[9] that the rate equation for SOF4 production that includes the effectof the SF; + SOF4 reaction can be written as
where P is the fraction of the current at the boundary between zones-l and -2 corresponding to SF; charge carriers, v is the mean drift velocityof SF;, Zo is the distance between t. and the anode, rs is the production rate for SOF 4 within tc and k' is a decay constant associated with competing SF; removal or deactivation processes that can also occur in the ion-drift zone. it approaches a lower constant value of r. -(JI/e7:tthat represents the limit where all available SF; is consumed by reaction with SOF 4. This latter condition is likely to be reached for the experimental conditions considered here. Using a calculation based on eq. (38) to fit the measured yields of SOF 4 from corona in SF 6 and its mixtures with O2, N2, and Ne gave relatively high values for the SF6 decay constant k'. This indicates the importance of competing reactions that effectively remove SF; from the ion drift zone. It has been speculated that a mechanism that could deactivate SF; is the formation of hydrated complexes such as SF; . (H20). These complexes are known to form under high-pressure conditions when water vapor is present [70] . Although this possibility is consistent with the measured data, no information exists about the reactivity of hydrated SF; toward species like SOF4. It was also shown [20, 29] It is interesting to note that fits to experimental results using eq. (38) consistently yielded values for {J that were close to unity [9] . This is consistent with the results of Sauers and Harman [71] and Sieck and Van Brunt [29] which indicate that SF; is the predominant initial negativeion charge carrier. This was also shown [9] to indicate that there is no significant conversion of SOFs back into SOF 4 at the anode.
Because of the relatively high values that were obtained for k', the overall effect of the SF; + SOF 4 reaction in reducing the yield of SOF4 measured in the main gas volume is not significantly greater than the effect of slow gas-phase hydrolysis discussed in the next section. This conclusion is especially true in the case considered here of SF 6 that contains only low levels of O2 and H20. Moreover, a small effect on the SOF 4 yield implies an even smaller effect on the SF4 concentration in zone-3 because SF4 is expected to be at a much lower level that that of SOF4 due to its conversion into SOF 2 by hydrolysis (see next section).
Main gas volume (zone-3)
3.3.1. Gas-phase reactions. The gas-phase reactions in zone-3 that are considered in the present model and that can affect the yields of the major oxyftuoride products Physico Scripta T53 SOF2, S02F2' nd SOF4 are listed in The rate coefficients given in Table VIII for the reactions of SOF2 and SOF4 with H20 are those measured by Van Brunt and Sauers [77] at 298 K. In the case of SOF 2' the rate constant given in Table VIII is a factor of 3 x 10-4 smaller than the rate reported by Ruegsegger and coworkers [74] at 340K. It was suggested that this large difference may have been a consequence of contributions from wall reactions in the latter work. However, as in the case of SF4 hydrolysis, nothing is known about the temperature dependence of the SOF2 + H20 reaction. At least part of the difference in reported rates for this reaction could merely reflect the fact that the reaction has an appreciable activation energy. If one assumes, for example, an activation energy of about 120kJmol-1, then it would be possible for k9. = 2.0 X 10-21, Ref. [75] 91 SF. + 820-SOF2+ 2HF 92 SF2+ O2-S02F2 93 SOF2+ 820-5°2 + 2HF 94 SOF4+ 820 -S02F2+ 28F the rate to increase by two orders-of-magnitude for a 40 K increase in temperature. A strong dependence of k93 on temperature could account for the observed destruction of SOF2 reported by Casanovas and coworkers [14] if the experimental conditions are such as to allow a significant heating of the gas with time by the discharge. Significant heating of the gas by the discharge did not occur in the experiments with which the present model calculations are compared due to the sheer size of the main gas volume and the fact that the discharge power dissipation was always less than 1W [2] .
The reaction of SF2 with O2 is the least known of those listed in Table VIII . An upper limit of the rate constant is estimated by Plumb and Ryan [61] to be less than 5 x 1O-16cm3/S. In the present model, SF2 is the only species that is assumed to react directly with O2 in the main gas volume. There is no evidence that SF 2 reacts with H20' and the possibility of such a reaction is not considered in this model.
None of the gas-phase measurements upon which the rates given in Table VIII are based have been carried out under conditions which convincingly prove that the reactions are entirely homogeneous. This would require, at a minimum, very extensive studies of the role of wall materials and surface-volume ratios. Even then, the distinction between heterogeneous and homogeneous reactions is difficult to establish. Because of the difficulty in making these kinds of measurements, the "gas-phase" hydrolysis rate constants given in Table VIII should be treated as upper limits.
In the present model, the distinction between heterogeneous and homogeneous reactions in the main gas volume is not a major concern because it is simply assumed that once SF4 and SF2 enter the main gas volume, they convert respectively to SOF 2 and S02F 2' In the case of SOF 2' the oxygen is derived from H20, and in the case of S02F 2' it is derived from O2 independent of where or how the reactions occur in the volume. The reactions involving hydrolysis of SOF 2 and SOF 4 are, as will be shown below, of relatively minor significance and have been neglected in the final calculation of oxyfluoride production rates.
Estimates of decreases in the concentrations of SF4 , SOF4, and SOF2 from hydrolysis in the main gas volume can be made using a rate equation that neglects spatial nonuniformities due to diffusion (see next section): The calculated fractional losses using the rate coefficients from Table VIII are shown in Table IX for two different times measured from the start of discharge operation. The calculations were made using a typical H20 concentration of l00ppmp in 200kPa SF6 ([H20] = 0.5 X 1O-16cm-3). The shorter time of 1 x 103s corresponds to the normal minimum time interval used for gas sampling in some experiments [2] , and the longer time of 7.5 x 104s corresponds to the maximum time used in the model calculation and the typical maximum time for most experiments with which the calculations are compared. These calculations show that nearly all the SF4 is converted to SOF2 during the time of discharge operation, whereas only a small fraction of the SOF 4 and SOF2 are removed by reaction with H20. Under most of the conditions considered here, the total SOF 4 yield is estimated to be reduced by less than 30% during the course of an experiment due to the combined effects of hydrolysis and ion-molecule reactions in zone-2.
The SOF4 + H20 process will introduce nonlinearities in the yield-vs.-time curves for SOF 4 and S02F 2' The effect of this reaction on the SOF 4 yield curve is similar to that of the reaction SOF4 + SF; as discussed in Ref. [9] . The modification of the yield curve for S02F 2 is represented by its slope at any time, namely:
( 43) where rsl is the production rate for S02F 2 excluding the SOF 4 hydrolysis reaction and rs2 is the production rate of SOF 4 from the glow region. The S02F 2 production rate will thus increase from an initial value of rsl at t = 0 to a final value of r.1 + rs2 as t -00. Although this type of behavior appears to be consistent with experimental data on S02F 2 yields [2, 8] , no attempt was made to use eq. (47) to fit experimental data. Nonlinearities of the type observed in the S02F 2 yield curves would also be explained in part by the slowness of the SF 2 + O2 reaction. Since only an upper limit is known for the rate of the SF 2 + O2 reaction, it is not possible to estimate this contribution to nonlinearities.
The nonlinearitiesin both the SOF4 and S02F 2 yieldcurves tend to be minor when the O2 and H20 concentrations in SF6 are within the relatively low ranges considered here.
Diffusion and surface reactions.
In this section the effects of diffusion and surface reactions within the main gas volume will be considered. It will first be shown how the diffusion rates of species from zone-l into zone-3 (see Table  VI ) have been estimated. The diffusion coefficients, Dj, for the relevant neutral species given in Table VI are estimated   Table IX where Ai and <Vi) are respectively the mean-free path and mean molecular speed of the ith species. Assuming ideal-gas kinetics, eq. (48) where kB is the Boltzmann constant, P is the absolute gas pressure, and (1iand mi are respectively the collision cross section and mass of the ith species.
Within the glow region (r < R), the species SF2' SF4' and S2F10satisfy rate equations of the form
which are coupled to corresponding rate equations for the species 11. In eq. (50) where kih corresponds to the appropriate gas-phase reaction in Table VIII and Zi is either H20 or O2. ForS2FI0' kih = o since this species does not appear to react directly with H20 or O2 in the gas phase at 300 K. The possible effect of reactions that are known [79] to occur between S2F 10 and H20 adsorbed on surfaces will be considered below. The coefficient kis for the surface diffusion loss rate from 'reis found by matching the solutions to eqs (50) and (51) at r = R. For the species SF2 and SF4' it is assumed that a steady-state condition applies within the main gas volume, i.e., a[X Jjat = 0 (Rw > r > R) where r = Rw at the wall. It was previously noted that a steady-state condition for these species also applied within zone-I. For a sphericaIly symmetric gas volume under steady-state conditions, the foIlowing boundary condition must also be satisfied at the wall:
where Ki~0 is an effective wall absorption coefficient (Ki = 0 implies total reflection and Ki -. 00 implies total (55) When Rw~R and wall effects are negligible, the solution reduces to
In both eqs (54) and (56), [XJR is the density of Xi at the boundary (r = R) between zones 1 and 3. In cases where eq.
(56) is a good approximation, the matching of solutions at r = R under steady-state conditions allows a determination of kis that gives the following expressions for the rates of SOF2 and S02F2 production in the main gas volume:
where D1 and D2 are the diffusion coefficients for SF4 and SF 2 respectively that are estimated using eq. (49). The appropriate expression for kis that corresponds to eqs (57) and (58) is:
For the conditions to which the model applies, it is found that Ai~R -1, so that, to a good approximation 3Di (52) kis~R2. (60) This is a consequence of the relatively small values for both R and the product kih[ZJ. The implication of eq. (60) is that the observed production rates for SOF 2 and S02F 2 are insensititive to the precise values of the rate coefficients given in Table VIII . As noted above, this permits one to assume that once SF4 and SF2 enter the main gas volume they will, within a reasonably short time, convert entirely to SOF2 and S02F2.
Tbe diffusion loss rate coefficients given in Table VI are smaller than those used in the earlier version of our model [20] . Tbe present values are considered to be more realistic because they are based on better estimates for Di and because aIlowance has been made for longer retention times of neutral species in the glow due to vortex formation resulting from momentum transfer to the gas from positive and negative ions moving in opposite directions [35] . Vortex formation can be at least partly compensated for by increasing the effective radius of the glow region used in eqs (59) and (60). The effective radius for the diffusion calculation is allowed to be up to 50% larger than that which defines the actual glow. Localized turbulence is therefore assumed to reduce the rate of neutral species diffusion out of the glow.
Equation (60) was also used to estimate the S2F10 diffusion loss rate from the glow even though the steady-state condition required to derive this equation does not strictly apply in this case. There is experimental evidence that S2F 10 is slowly destroyed by surface reactions in the main gas volume [79] . One of the products of S2F 10 decomposition on surfaces is SOF 2 which enters the gas phase. At 300 K, the reactions that destroy S2F 10 on surfaces are evidently too slow to allow development of a steady-state condition in the main gas volume, i.e., [S2F 10] continues to build up with time during discharge operation. Only for very low discharge currents (less than 2 J.1A)is there evidence that the production rate of S2F10 from the discharge is low enough that a steady-state condition is approached [15, 16] .
Even in the extreme case where S2F 10 is completely destroyed at the walls of the containment vessel by surface reactions, there is a minimum time required to reach an equilibrated condition in the main gas volume. This minimum time is determined by the time it takes the S2F 10 molecules to diffuse to the wall from the glow region, and as will be shown below, this time can be comparable to the total time of the experiment in some cases.
If an extreme case is assumed where S2F 10 is completely destroyed at the wall and has a constant concentration of [S2F 10h at r = R, the solution of eq. (51) with kih= 0 is
where C(r, t) is the time and position dependent concentration of S2F10 for Rw > r> Rand D3 is the S2F10 diffusion coefficient. Spherical symmetry was assumed in deriving this equation together with the initial condition C(r, 0) = 0 for Rw > r > R. The flux of the diffusing species at the wall is given by
The net S2F10loss rate at the wall is then
The fractional loss rate of S2F10 in the main volume is defined by
where LR is obtained from the flux of S2F 10 released from 'tc and is approximated here by
LR~-4n[S2FI0]D3R
(65) using eq. (60). From eqs (62H65), the fractional loss rate can be written as
for Rw» R. Under steady-state conditions it is required that fL = 0, i.e., the rate of release of S2F10 molecules from the glow should equal the rate of loss at the walls. Shown in Fig. 3(a) are plots of normalized 10g10C(r, t) vs. radius at different indicated times after the start of the discharge. The values for C(r, t) were calculated using eq. (61) with R = 0.01cm, Rw = 10cm, and D3 = 0.007cm2jscorre-sponding to an absolute gas pressure of 200 kPa. The data plotted in the figure have been normalized to the value of C(r, t) at r = R and t = 0, i.e., C(R, 0) = [S2F lOh. with which the present model are compared, Rw was in the range of 10 to 15em. For Rw = 15cm. the equilibration time exceeds lQ4s, which is comparable to the total time of some experiments. The calculations also show that equilibration time increases significantly with pressure. The results of Fig. 3(a) indicate that diffusion of a molecule to the wall from the source can take more than 103 s if Rw = 10em. The above analysis suggests that, even under extreme conditions of total S2F 10 destruction, reactions on the wall will not have a significant effect on S2F10 yields during early stages of discharge operation. It is found experimentally that the half-life of S2F10 in the main gas volume due to wall reactions at 300 K is typically more than 106s, even under conditions where the container is highly contaminated with water vapor [79, 83] .
Of greater significance to S2F10 production in corona discharges is the possibility of S2F10 decomposition on the surface of the point electrode. This surface is, of course, much closer to the glow region and can be at significantly higher temperatures than the surrounding walls due to heating by ion bombardment. There is experimental evidence [15, 16] that as the tip of the point electrode is roughened by ion bombardment it becomes more effective in catalyzing the destruction of S:zF10' This "conditioning" of the electrode by the discharge appears to account for the initial nonlinearity in measured S:zF10 yield curves. In the calculations described in the next section, we allow for a possible 25% reduction in the S2F10 yield from reactions on a fully conditioned electrode surface. This is considered to be a reasonable upper limit even when account is taken of possible enhancement of electrode-gas interactions due to vortex formation [35] .
CaiculatioDS
The set of coupled rate equations for the reactions listed in Table I -VI were solved numerically using a chemical kinetics code known as ACUCHEM which was developed by Braun and coworkers [84] . The rate coefficients for some of the key processes discussed in the previous section were adjusted to within acceptable limits to give calculated yield curves for the major species SOF2, S02F2, SOF4, and S2F10 that correspond closely to experimental data. Shown in Fig. 4 are examples of calculated yield curves compared with measured results [2] for a pressure of 200 kPa, a discharge current of 40 J.lA,and the indicated amounts of O2 and H20 expressed in percent of the SF 6 content. The yields in micro-moles are plotted vs. net charge transported, Q, in coulombs which is given by Q = It, whereI is always a constant for the discharge conditions considered here. It is convenient to express the production rates in terms of quantity produced per unit-of-charge transported. The charge rateof-production of species Xi is related to the time rate-ofproduction by
The current dependence of the production rates is determined by the electron-impact dissociation rates. The rate coefficients for those processes given in Tables I and II 
for other values of the current are found using eq. (7), i.e., the dissociation rates are directly proportional to I. Once the rate coefficients are determined from fits to the yield curves shown in Fig. 4 for a specific current and H20 and O2 content, no further changes are made and these rate coefficients are then used to compute yields for other values of I, [H20], and [O:z] . All of the calculations performed here apply to an absolute gas pressure of 200 kPa for which the optical measurements of the glow region are considered to be most reliable.
At this pressure, the size of the glow was not found to change significantly with discharge current in the range of 10 to 100J.lA [12] . Therefore, the parameter R is assumed here to be independent of I.
The spatial extent of the glow region can change significantly with gas pressure, generally becoming more constricted as pressure increases. The dependence of R on P would have to be considered in any attempt to extend the model to other pressures. Assuming that R is proportional to P-", where" is a positive constant, it can be shown from considering eq. (7) that the number of SF6 molecules dissociated per unit of time by electron-impact for a given current will be proportional to p2 -". The measured yieldsof SOF:z, SOF4, and SO:zF2 are found [2] to be relatively insensitive to changes in P within the range of 100 to 400 kPa. For example, the experimentally determined production rate for SOF 2 decreases by about a factor of 2.0 as P is increased from 144 to 300 kPa. These results suggest that " has a value slightly greater than 2.0. A consideration of eq. (59) suggests that the diffusion rate coefficients (see Table VI ) will increase with pressure by a factor of prr-l. However, the effect of changes in the diffusion rates on the yields of the major by-products is not nearly as significant as the effect of changes in the dissociation rates.
As noted previously, the calculations were performed assuming that the concentrations of SF6' H20' and O2 are all constant during the time of discharge operation, i.e., as these molecules are consumed by dissociation in the glow, they are replenished by molecules that diffuse in from the main gas volume. The ACUCHEM code yields the number densities of the products within the volume Te' Those products whose concentrations build up in time are assumed to enter the main gas volume and become uniformly distributed within that volume at the time of measurement. The absolute quantities that are present at time t in the main volume are given by [XJrT~N... where [XJ, is the number density of the species Xi predicted by ACUCHEM in the glow at time t, N... is the Avogadro's constant, and T~< Teis the assumed effective glow volume of radius Reff = O.5R within which the electrons and products can be assumed to have a uniform density distribution as discussed in Section 3.1.1.
All of the rate coefficients are independent of time, i.e., possible effects due to local heating by the discharge are neglected.The species SF4 and SF2 are allowed to convert immediatelyto the by-products of SOF2 and S02F 2 respectively (see previous section). This means that the rates for the relatively slow gas-phase processes given in Table VIII are not included directly in the calculation. Allowance is made for small reduction in the SOF 4 yield due to the Ftransfer reaction in the ion-drift zone.
Results and discussion
Dependencies of production rates on [H20] and [02]
The predicted dependencies of the production rates for the major species SOF4, SOF2, S02F2' and S2Fl0 on the concentrations of H20 and O2 in the discharge cell are shown in Figs 5 and 6 respectively for models I and 2. Similar results are obtained from both models. The trends shown in Figs 5 and 6 are also consistent with those found using the much simpler model discussed in our earlier work [13, 20, 85] .
All versions of the model give the following ordering of the magnitudes for the production rates: The present model gives a rate for S2F10 production that is lower than that from our earlier model and in better agreement with measured data [13] . The biggest difference between the results from the two versions of the present model is in the predicted rate for SOF 2' Although the SOF 2 rate from model-I is in better agreement with the data shown in Fig. 4 , model-2 gives results that are in better agreement with most of the other available experimental data as shown in the next section. The SOF 2 production rates predicted by model-2 can be brought into agreement with those predicted by model-I by increasing the rate coefficient k26 for SF4 + F (see Table III ) by an order-of-magnitude in model-2. This increase would make the rate coefficient more consistent with the value originally suggested by Herron [49] .
The predicted production rates for the oxyftuorides and S2F10 are seen to be insensitive to the oxygen concentration for 11] which show that the effect of O2 content does not become significant until its level exceeds about 10% of the SF 6 concentration (see Fig. 4 ). In the case of SOF 4 and SOF2' the insensitivity to O2 content is expected because oxygen simply does not play an important role in the formation of these species. This is shown by the predicted oxygen isotope content of these species given in Table X . It is found experimentally [8, 11] and by the present calculations that O2 has its biggest effect on S02F 2 production. This is not too surprising since S02F 2 derives its oxygen predominantly from O2 (see Table X ). However, even in this case, the dependence of the production rate on [02] is not significant. This is due to the fact that S02F 2 is formed predominantly in the main gas volume by reaction of SF2 with O2 , and consequently the S02F 2 production rate is governed primarily by the rate of SF2 release into this volume from the glow region (see Table XI ). Even though SOF 2 derives it oxygen predominantly from H20 (see Table X ), its rate of production is not sensitive to the H20 concentration. As in the case of S02F 2' this is due to the fact that it is primarily formed in the main gas volume (see Table XI ). Its rate of formation is governed to a large extent by the rate of SF4 production in the glow.
The species SOF4 and S2F10, which are formed entirely within the glow region, exhibit a greater dependence on [H20]. In the case of SOF 4 , the increase in its production rate with increasing [H20] is due mainly to the combined effect of the three reactions: The predicted increase in the S2F10 production rate with increasing H20 concentration is not consistent with some experimental results that show the opposite trend [13], i.e., the measured S2F 10 yields seem to decrease as water content increases. It should be kept in mind, however, that the predicted behavior shown in Figs 5 and 6 is based entirely on gas-phase chemistry. It can be expected that the previously observed [79] surface catalyzed reactions of S2F10 with H20 could become significant with the addition of water vapor, particularly in a relatively small discharge cell such as described in Ref. [13] . Table XI indicate that both SOF2 and S02F 2 are predominantly formed in the main gas volume whereas SOF 4 and S2F 10 are formed entirely within the glow region.
Dependence of productionrates on current
The predicted charge rates-of-production of the predominant by-products as a function of the discharge current are shown in Fig. 7 in comparison with experimental results from different sources [2, 8, 10, [13] [14] [15] [16] 20] . The predicted production rates indicated by the various solid and dashed lines were calculated using both versions of the model for curves for this species allow for an estimated 25% reduction in the yields due to reactions on the point electrode surface. points marked with a 4 that correspond to the S2F10 production rates determined from the measured data at a time when the yield curve becomes linear. At this time the electrode surface is fully conditioned by the discharge and becomes most efficient as a catalyzer of S2F10 destruction. The calculations have been performed for currents in the range of 10 to 80).1A.This is the range in which the glow is known to be stable and its size does not change significantly with current. At currents below about 1 to 2 1lA, the discharge assumes a pulsating characteristic, and at currents above about 100 1lA, the discharge can become unstable with development of fluctuations in the size and shape of the glow [86] . If R were to increase with current by a factor of 1",where '1is a positive constant, then it can be shown using eq. (7) that the number of SF 6 molecules dissociated per unit time will increase by a factor of 1"+1. This would mean that the charge rate-of-production of the by-products should also increase with 1. It is seen in Fig. 7 , however, that the measured charge rates-of-production for the major byproducts do not change significantly with current over the range considered. This suggests that "~1. The predicted charge rates-of-production of SOF 2 and S02F 2 from both model-l and model-2 are nearly independent of 1 and in agreement with experimental results. This means that the time rates-of-production for these species are approximately proportional to 1. Model-2 gives results for SOF2 that are in better agreement with those reported in Ref.
[2], whereas model-l gives results in better agreement with those reported in Ref.
[10].
The predicted rates for SOF4 and S2F10both of whichare formed entirely in the glow region, show a decrease with increasing current which is not entirely consistent with the experimental results, especially in the case of S2F10. The failure of the experimentally determined rates for these species to show a decrease with 1 is most likely due to the increasing role played by destruction processes in the main gas volume as 1 decreases. When the discharge current is reduced, the time required to observe a given yield for SOF 4 and S2F 10 increases (approximately in direct proportion to 1). This means that there is more time available for the gasphase hydrolysis or, surface reactions to take effect in reducing the yields for these species as discussed in Sections 3.3.1 and 3.3.2. Other than to consider the reduction of S2F10 yield due to reactions on the point cathode, no attempt has been made to use the reactions in the main gas volume (zone-3) to reduce the production for either S2F 10 or SOF 4. From eq. (46) it is found that,
provided k94[H20]t < 1. This means that the predicted 17% increase of d [SOF 4 ]/dQ in going from 1 = 4O).1A to 1 =20).1Acan be at least partly offset by an 18% decrease in the SOF 4 yield due to destruction by hydrolysis assuming that the 20).1A experiment requires twice the time of the 40 IlA experiment. At this time, not enough is known about the reactions that destroy S2F10 on surfaces to estimate the possible changes in the yield of this species due to changes in the duration of the experiment.
Recombination efficiency
From a consideration of eqs (6), (7), (8) .
The recombination efficiency represents the percentage of the SF6 molecules dissociated by electron impact that convert back into SF6. In the case where H20 and O2 are maintained at levels respectively of 200 and lOOppm", it is found from the calculated production rates using model-2 that Err varies from 85% at 80).1A to 73% at 10).1A(see Table XII ). Keeping the current fixed at 4O).1Aand the O2 content at looppm", it is seen from Table XII that Err increases from 76% to 89% as H20 content decreases from 400 ppm" to 50 ppm". Under most of the conditions considered here, the recombination efficiency is greater than 75%.
The values for Err obtained from the present calculations are lower than the value of 97% estimated using the earlier version of our model [11, 20] . The lower value for Err are a consequence of the lower estimates of the SF6 dissociation rates used here. The dissociation rates estimated for the models discussed here are considered to be more reasonable and are required to offset the lower rate used for the SF s + F recombination reaction.
In estimating Err' it is sufficient to include only the production rates for the major sulfur-containing by-products in eq. (72), namely: SOF4, SOF2, S02F2' and S2F10. The predicted production rates of the other sulfur-containing byproducts tend to be too small to be of any consequence in calculating the total SF6 decomposition rate. The relative yields for the minor oxygenated products are seen from Table XIII to fall an order-of-magnitude or more below the yields of the major oxyfluoride products. The relative yields 2 x 10-4 1 X 10-4 2.2 X 10-1 1.1 X 10-2 2.9 X 10-2 1.3 X 10-3 1 X 10-4 1 X 10-2 1.2 X 10-1 4.2 X 10-3 2.3 X 10-2 1.5 X 10-2 4 X 10-4 1 X 10-2 3.2 X 10-1 2.3 X 10-2 4.3 X 10-2 1.7 X 10-2
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[H2O] shown in Table XIII are consistent with comparable experimental results [2, 16] .
Sensitivity analysis
In an attempt to assess the relative importance of the different reactions included in the model described here, the rate coefficient for each was either increased or decreased by two orders-of-magnitude and the corresponding relative changes in the yields for the major by-products were recorded. Examples of results from this type of analysis are given in Tables XIV and XV. The indicated percent changes in the yields of the major sulfur-containing by-products correspond to the change in the rate coefficient for a single reaction from a value ki used in the model to a value ki = bki, where b = 10-2 or 10+2. Table XIV show results for some reactions that are considered to be relatively important in the sense that a two order-of-magnitude change in the rate for the reaction results in a :t 20% or more change in the yield of at least one of the major by-products. Table XV shows results for selected reactions that do not meet this criterion and are therefore considered to be relatively unimportant.
More than half of the radical-radical type reactions listed in Tables III-V are found to be sufficiently unimportant that they could be excluded from the model without significant effect on the predicted yields of the major by-products. This observation explains why simpler models [20, 21, 85] that contain fewer processes can be adjusted within reasonable limits to yield results that are comparable to those obtained with the much more complex model considered here.
Most of the secondary electron-impact induced dissociation reactions in Table II are also unimportant as illustrated by the results for SF s dissociation [process (5) in Table XV ]. The only exceptions are the process corresponding to electron-impact dissociation in S2F10 which can have a significant effect on the yield for this compound [see results for process (4) in Table XIV ]. The assumed S2F10 dissociation rate is higher than that of the other species given in Table II . This was justified because of the relatively weak S-S bond that suggests a low threshold energy for S2F 10 dissociation [87] . This is further supported by the measured appearance poentials of fragment ions from dissociative ionization of S2F 10 which are found to be much lower than those for corresponding ions from SF6 [88] . It was previously noted that the present model can accommo--<tate a lower rate for S2F 10 formation by the SFs + SF s reaction (see Table III ), such as found by Sehested and coworkers [59] , by making a downward adjustment in the assumed electron-impact dissociation rate for S2F 10.
The dissociation rates for SF6 given in Table I are the most important in controlling the overall rate of SF6 decomposition in the discharge. The rate of SF s formation is particularly important in determining the production rates for SOF4 and S2F10' It can be seen from Table XIV that the rates for formation of SF4 and SF2 from dissociation of SF6 are significant in determining the production rates respectively for SOF 2 and S02F 2 . 1O-2kso.68 -5.5 +2.5 +1.1 +9.9
